(57) ABSTRACT
A magneto-optical microScope magnetometer capable of Simultaneously measuring a hysteresis loop and activation magnetic moment of a Submicrometer-Scale local area (about 0.3x0.3 um) . An electromagnet capable of applying a magnetic field to a magnetic material is attached to a polarizing optical microScope capable of observing a mag netized State of the magnetic material, Such that images of the microscope varying with the Strength of the applied magnetic field are grabbed in real time by a charge coupled device camera and then analyzed. The magneto-optical microScope magnetometer can measure a hysteresis loop and activation magnetic moment in a Submicrometer-Scale local area observed by the polarizing optical microScope. Further, the magneto-optical microscope magnetometer can measure hysteresis loops and activation magnetic moments simultaneously with respect to all CCD pixels of the camera and observe coercivity and activation magnetic moment distributions of the entire magnetic material. Thus, much effort has been devoted to developing mag netic microScopes capable of measuring magnetic properties of a local area. AS Such magnetic microScopes, there have been utilized (i) a magneto-optical microscope adopted from optical microscopy, (ii) a magnetic force microscope and near-field Scanning optical microScope adopted from Scan ning microscopy and (iii) a Scanning electron microscope, Lorentz transmission electron microscope and low-energy electron microScope adopted from electron microscopy. However, the above-mentioned magnetic microscopes, except for the magneto-optical microScope, cannot measure the dynamic characteristics of magnetic materials under applying a magnetic field, for instance, a hysteresis loop nor an activation magnetic moment, due to limitations imposed on the impossibility of applying a magnetic field and/or slow data acquisition time.
On the other hand, there have has been developed Several measurement techniques for probing the dynamic characteristics, for instance, the hysteresis loop and the activation magnetic moment, of magnetic materials. First, the hysteresis loop is a curve indicating a magnetized State of a magnetic material depending on the Strength of an external magnetic field. This curve continues to be one of the most representative data used for the measurement of mag netic properties of a magnetic material, from which curve can be obtained magnetic information, for instance, a coercivity, magnetization reversal mechanism, magnetic domain formation, etc. Second, the activation magnetic moment Signifies a basic magnetic moment of a magnetic material acting as a single particle when the magnetization of the magnetic material reverses by applying a magnetic field that is externally applied to the magnetic material. The activation magnetic moment is the most basic physical quantity describing a dynamic characteristic of a magnetic material, where the activation magnetic moment can be obtained from the dependence on an external magnetic field and magnetization reversal dynamics of the magnetic mate rial. Up to the present, the vibrating Sample magnetometer (or magneto-optical magnetometer) has generally been used to measure the hysteresis loop and activation magnetic moment. However, even though Such conventional magne tometers can microscopically measure the hysteresis loop and activation magnetic moment over the entire area of a magnetic material, they cannot measure them for a Submicrometer-Scale local area of the magnetic material.
To Sum up, conventional magnetometers can microscopi cally measure a hysteresis loop and activation magnetic moment over the entire area of a magnetic material but cannot measure them for a Submicrometer-Scale local area of the magnetic material, whereas conventional magnetic microscopes can observe magnetic properties of the Submicrometer-Scale local area of the magnetic material, but cannot measure the hysteresis loop and activation magnetic moment.
SUMMARY OF THE INVENTION
Therefore, the present invention has been motivated to overcome the above problems, and it is an object of the present invention to provide a magneto-optical microscope magnetometer which is capable of measuring a hysteresis loop and activation magnetic moment of a Submicrometer Scale local area by performing both functions of a conven tional magneto-optical microscope and conventional magneto-optical magnetometer.
In accordance with the present invention, the above objects can be accomplished by a magneto-optical micro Scope magnetometer that comprises an electromagnet unit for applying a magnetic field to a magnetic material; a polarizing optical microscope for magnifying and Visualiz ing a magnetized State of the magnetic material via the magneto-optical effect; a camera System for detecting the image Visualized by the polarizing optical microscope; a data analysis System for obtaining a hysteresis loop or an activation magnetic moment from the time-resolved images grabbed by the camera System; and a magnetic field control System to remotely control the electromagnet for applying the magnetic field into the magnetic material.
Preferably, the polarizing optical microscope may include a light Source; a polarizer for linearly polarizing a light beam from the light Source, a beam Splitter for reflecting the light beam from the polarizer to an objective lens, an objective lens for focusing the light beam from the beam splitter onto the magnetic material and then, collimating the light beam reflected from the magnetic material to an analyzer, an analyzer for converting the polarized light beam from the objective lens into the image intensity by linearly polarizing it; and a camera lens for focusing the image from the analyzer to the camera System.
Further, the camera System may include an image inten sifier for amplifying the image intensity from the polarizing optical microscope; a charge coupled device (CCD) camera for detecting the image amplified by the image intensifier; and an image grabber for grabbing the image detected by the camera into a digital Signal.
Further, the electromagnet unit may include an electro magnet for generating the magnetic field; and a power Supply for the electromagnet.
More preferably, the data analysis System may obtain the polar Kerr hysteresis loop from the images grabbed by the camera System. The data analysis algorithm is developed based on equation 1, below, which describes the relation between a Kerr angle and a Kerr intensity, where the Kerr angle is a rotational angle of the polarized light during 3 reflection at the magnetic material via the magnetooptical Kerr effect, while the Kerr intensity is the light intensity detected by the camera System due to the magnetooptical Kerr effect. The polar Kerr hysteresis loop can be obtained from the Kerr intensity variation with respect to the Strength of the applied external magnetic field, using equation 2, below, which is converted from the equation 1.
where I is the Kerr intensity measured at a unit CCD pixel of the camera system, I is an intensity offset for the given CCD pixel, C is a proportional constant of the Kerr rotation angle, C. is a Faraday constant at the objective lens, A0 is an angle between the polarizer and analyzer, 0 is a maximum Kerr rotation angle when the magnetic material is Saturated, and H is a strength of the magnetic field applied to the magnetic material. In addition, the data analysis System may obtain the activation magnetic moment from the time-resolved image detected by the camera System; the Switching time of the magnetic material under an applied magnetic field is mea sured from the temporal variation of the Kerr intensity measured by the camera System and then, the activation magnetic moment is determined from the field dependence of the Switching time using equation 3:
where t is a magnetization Switching time depending on the magnetic filed H applied to the magnetic material, to is a characteristic Switching time, m is the activation magnetic moment, k is a Boltzmann constant and T is a temperature.
In a feature of the present invention, there is provided a magneto-optical microScope magnetometer capable of per forming the functions of a conventional magneto-optical microScope and a conventional magneto-optical magnetom eter by using an individual CCD pixel in the conventional magneto-optical micrometer as a photo detector in the conventional magneto-optical magnetometer. Thus, the magneto-optical microScope magnetometer can measure a hysteresis loop as well as an activation magnetic moment in a Submicrometer-Scale local. Further, the magneto-optical microScope magnetometer can Simultaneously measure hyS teresis loops and activation magnetic moments for all the CCD pixels and thus, it can generate the 2-dimensional distribution of the coercivity and activation magnetic moment for the entire magnetic material.
BRIEF DESCRIPTION OF THE DRAWINGS
The features and advantages of the present invention will be more clearly understood from the following detailed description taken in conjunction with the accompanying drawings, in which: With reference to FIG. 1 , the magneto-optical microscope magnetometer comprises an electromagnet unit 130 for applying a magnetic field to a magnetic material 117", a polarizing optical microScope 110 for magnifying and Visu alizing a magnetized State of the magnetic material 117, and a charge coupled device (CCD) camera system 120 for detecting the image Visualized by the polarizing optical microscope 110 in real time. A data analysis system 140 is provided to obtain hysteresis loops and activation magnetic moments from the image grabbed by the CCD camera system 120. An output system 150 is adapted to output the results of the hysteresis loop and activation magnetic moment measured by the data analysis system 140. A data Storage System 170 functions to Store the images grabbed by the CCD camera system 120, and a magnetic field control system 160 functions to remotely control the electromagnet unit 130 for applying the magnetic field into the magnetic material 117.
The polarizing optical microScope 110 includes a light Source 111, Such as, for example, a 100 Watt mercury lamp, a polarizer 114 and an analyzer 115 of sheet-type polarizers with an extinction ratio of 0.01%, a beam splitter 116, an objective lens 112 having a numerical aperture of 0.95 and a Spatial resolution of 0.3 tim, a Sample Stage 117 for Supporting the magnetic material 117 thereon, and a camera lens 113.
The light source 111 emits a light beam, which is then linearly polarized by the polarizer. The light beam is reflected by the beam splitter 116 and then, focused on the magnetic material 117 via the objective lens 112. The light beam reflected from the magnetic material 117 is collimated by the objective lens 112 and then transmitted to the analyzer 115 via beam splitter 116. The analyzer 115 converts the polarization State of the transmitted light beam into an intensity variation image, which is focused to the CCD camera system 120 via the camera lens 113.
The polarization state of the light reflected from the magnetic material 117' is converted into the intensity varia tion image by the analyzer 115 according to a magneto optical effect, as will hereinafter be described in detail.
The magneto-optical Kerr effect is a phenomenon in which a linear polarization angle is rotated by the Kerr rotational angle during a reflection at a magnetic material. Therefore, the light beam, linearly polarized by the polarizer 114 and incident on the magnetic material 117', is rotated in its linear polarization axis according to a magnetized State of S the magnetic material 117". Then, the polarization State is converted into an intensity variation, after transmitting through the analyzer 115. As a result, a magnetized State of the magnetic material 117 can be observed by an intensity variation in an image Visualized by the polarizing optical microscope 110.
The CCD camera system 120 includes an image intensi fier 121 having an amplification feature of approximately ten thousand a CCD camera 122 having 640x480 CCD pixels, and an image grabber 123 for grabbing image data with 256 digitized values in real time.
The image from the polarizing optical microscope 110 is amplified in its light intensity by the image intensifier 121 and then grabbed by the CCD camera 122 in real time. The image grabbed by the CCD camera 122 is converted into a digital Signal by the image grabber 123 and then Stored in the data storage system 170.
The CCD camera 122 measures the light intensity by every CCD pixel arranged at regular intervals and then, it generates Visual images by mapping the light intensities on the corresponding positions of a 2-dimensional XY plane.
The electromagnet unit 130 includes an electromagnet 131 for generating the magnetic field, and a power Supply 132 for the electromagnet 131, where the power supply 132 is remotely controlled by the magnetic field control System 160.
The electromagnet 131 is equipped with a water-cooling System and is positioned under the Sample Support 117. Preferably, the electromagnet 131 may apply a magnetic field of +5 KOe to the magnetic material 117.
The data analysis system 140 is adapted to obtain a Kerr hysteresis loop from the images grabbed by the camera system 120. The data analysis algorithm is developed based on equation 1, which describes the relationship between the Kerr angle 0 and the Kerr intensity I, where the Kerr angle is a rotational angle of the polarized light during a reflection at the magnetic material via the magnetooptical Kerr effect, while the Kerr intensity is the light intensity detected by the camera System due to the magnetooptical Kerr effect. The polar Kerr hysteresis loop can be obtained from the Kerr intensity variation with respect to the Strength of the applied external magnetic field, using equation 2, which is converted from equation 1 under an assumption rate 0 that is So Small that sin 0s 0.
Equation 1 I(H) -10 C2
Equation 2 |Ell where I is the Kerr intensity measured at a unit CCD pixel of the camera system, I is an intensity offset for the given CCD pixel, C is a proportional constant of the Kerr rotation angle, C. is a Faraday constant of the objective lens, A0 is an angle between the polarizer and analyzer, 0 is the maxi mum Kerr rotation angle when the magnetic material is Saturated, and H is the Strength of the magnetic field applied to the magnetic material. The data analysis system 140 is further adapted to obtain the activation magnetic moment from the time-resolved image detected by the camera System 120; the Switching time of the magnetic material under an applied magnetic field is measured from the temporal variation of the Kerr intensity measured by the camera System and then, the activation magnetic moment is determined from the field dependence of the Switching time using the equation 3:
Equation 3 where t is the magnetization Switching time depending on the magnetic field H applied to the magnetic material, to is a characteristic Switching time, ma is the activation mag netic moment, k is a Boltzmann constant and T is a temperature. Now, a detailed description for obtaining the hysteresis loop and the activation magnetic moment will be given based on typical results measured by the magneto-optical microScope magnetometer with the above-mentioned con Struction in accordance with the present invention, as fol lows.
FIG. 2 is a plot showing the Kerr intensity variation I measured by a single CCD pixel of the camera System 122 with respect to the magnetic field H applied by the electro magnet 131 to a magnet material 117 in FIG. 1, and FIG. 3 is a hysteresis loop of a 0.3+0.3 um' area obtained from the data shown in FIG. 2 by the data analysis system 140 using the above equation 1 and 2.
On the other hand, FIG. 4 is a plot for a distribution Equation 4 where O is a distribution function of activation magnetic moments, Oo is a normalization constant, ma is the mean value of the activation magnetic moments and Ama is a Standard deviation of the activation magnetic moments.
FIG. 9 is a 2-dimentional spatial distribution map of the activation magnetic moment, where the color corresponds to the magnitudes of the activation magnetic moments. The distribution map provides a useful technique for analyzing the Spatial uniformity of the magnetic properties.
AS apparent from the above description, the present invention provides a magneto-optical microscope magne tometer which is capable of performing both functions of a conventional magneto-optical microScope and conventional magneto-optical magnetometer by using each individual 7 CCD pixel of a camera System in the conventional magneto optical microscope as a photo-detector of the conventional magneto-optical magnetometer. Therefore, the present magneto-optical microScope magnetometer can measure a hysteresis loop and activation magnetic moment in a Submicrometer-Scale local area observed by a polarizing optical microscope.
Most importantly, the present magneto-optical micro Scope magnetometer can Simultaneously measure hysteresis loops and activation magnetic moments with respect to all CCD pixels of the camera System and thus, it can generate the 2-dimensional spatial distribution maps of the local magnetic properties, for instance, the local coercivity and the local activation magnetic moment, on the entire mag netic material.
Moreover, the present magneto-optical microScope mag netometer provides a verifying technique on the microscopic magnetic properties of the advanced magnetic/magnetooptic data Storage materials and thus, it is very useful to perform the analysis and optimization of the materials. It might enhance the magnetic Stability and reliability of industrial products.
Although the preferred embodiments of the present inven tion have been disclosed for illustrative purposes, those skilled in the art will appreciate that various modifications, additions and Substitutions are possible, without departing from the Scope and Spirit of the invention as disclosed in the accompanying claims. 6. The magneto-optical microscope magnetometer of claim 1, wherein Said data analysis System is adapted to measure Said activation magnetic moment from variations in Said image grabbed by Said CCD camera System by mea Suring a time of Switching in the magnetized State of the magnetic material from a time-dependent variation of a Kerr Signal of Said light beam reflected from the magnetic mate rial on a basis of an intensity of light of Said image grabbed by Said camera System, and then analyzing a dependence of a magnetization Switching time on Said magnetic field applied to Said magnetic material in accordance with a following equation:
where t is the magnetization Switching time depending on the magnetic field Happlied to said magnetic material, to is a characteristic Switching time, m is an activation magnetic moment, k is a Boltzmann constant and T is a temperature.
